The authors present a new potential energy curve, electric dipole moment function, and spin-orbit coupling function for OH in the X 2 ⌸ state, based on high-level ab initio calculations. These properties, combined with a spectroscopically parametrized lambda-type doubling Hamiltonian, are used to compute the Einstein A coefficients and photoabsorption cross sections for the OH Meinel transitions. The authors investigate the effect of spin-orbit coupling on the lifetimes of rovibrationally excited states. Comparing their results with earlier ab initio calculations, they conclude that their dipole moment and potential energy curve give the best agreement with experimental data to date. The results are made available via EPAPS Document No. E-JCPSAG-017709.
I. INTRODUCTION
The emission lines arising from rovibrationally excited hydroxyl radicals in the electronic ground state were first identified in the late 1940's by Meinel 1 in the airglow emission spectrum of the night sky. The Meinel emission lines have been used as a tool in studying many phenomena, including atmospheric temperature, 2 chemical lifetime of atmospheric OH, 3 atmospheric gravity waves, [4] [5] [6] extraterrestrial atmospheres, 7, 8 and stellar oxygen abundance. 9 Recently, we took part in a project 10, 11 where the lifetime of vibrationally excited OH was for the first time measured directly by electrostatically decelerating and trapping OH radicals in the excited X 2 ⌸͓v =1,J =3/2, f͑+͔͒ state and following the exponential decay in time. We computed the lifetime of excited OH based on a new ab initio dipole moment, took into account spin-orbit coupling and lambda-type doubling, and found good agreement with experiment. In the present work we extend our calculations to higher rovibrational levels and investigate the effect of including OH bond length dependent spin-orbit coupling. We compare our dipole moment function with several earlier ones and report a new set of Einstein A coefficients and photoabsorption cross sections for the OH Meinel system. Experimentally, the emission rates are usually determined indirectly using nuclear wave functions computed from a parametrized potential and an electric dipole moment function which is fitted so that relative emission rates arising from different excited levels are reproduced. The electric dipole moment function is generally expanded in powers of the interatomic distance ͑r − r e ͒ n , where r e is the equilibrium distance and n ജ 1. Such a procedure was first followed by Shklovskii, 12 Chaimberlain and Smith, 13 and Kvifte. 14 They all took a linear dependence ͑n =1͒ for the electric dipole moment functions. Heaps and Herzberg 15 and Wallace 16 used a quadratic function and Garvin et al. 17 a cubic function. In 1962, Ferguson and Parkingson 18 used a Morse potential, combined with experimental data from Krassovsky 19 to fit a fifth order polynomial for the electric dipole moment function. Murphy 20 improved on this model in 1971 using new experimental data. From 1982 onwards, the standard emission rates in spectroscopic databases 21 were those reported by Goldman and co-workers, [22] [23] [24] which were essentially based on a calculation by Mies. 25 In 1989, Turnbull and Lowe 26 reported emission rates based on a new empirical dipole moment function. However, it was recently noted by Cosby and Slanger 27 that the experimental data of Krassovsky et al. 28 underlying part of that fit is seriously flawed by modern standards. A new set of emission rates was published by Goldman et al. 29 in 1998, based on a Rydberg-Klein-Rees ͑RKR͒ potential of Nelson and Nesbitt. 30 The dipole moment function was obtained by combining an experimentally determined electric dipole moment function of Nelson et al. 31 with an ab initio dipole moment of Goldman et al. 29 An empirical spin-orbit coupling function by Coxon and Foster 32 was also included in that calculation. It was recently pointed out by Cosby et al. 33 and Colin et al. 34 that the spectroscopic constants used to generate the energy levels in the calculations of Goldman et al. are flawed at higher vibrational ͑v Ͼ 3͒ and rotational levels ͑J Ͼ 19/ 2͒, producing differences with experiment up to 0.14 cm −1 . Both authors performed an improved fit of existing spectroscopic data by Abrams et al. 35 The main disadvantage of experimentally determined electric dipole moment functions is that the regions outside the range of experimentally probed internuclear distances are badly described. Thus, extrapolation to higher rovibrational levels, which probe larger and smaller interatomic distances, is hardly possible.
The first extensive ab initio calculation of emission rates was done by Mies, 25 who used the electric dipole moment function of Stevens et al. 36 and an RKR potential of Albritton. 25 Extensive ab initio calculations of the electric dipole moment function of OH in the electronic ground state have been performed in the 1980's by Werner et al. 37 and Langhoff et al. 38, 39 In 1986, Langhoff et al., 40 reported the-a͒ Author to whom correspondence should be addressed. Electronic mail: gerritg@theochem.ru.nl oretical emission coefficients which were computed using a shifted version of the dipole moment function of Werner et al. 37 Nuclear wave functions were computed using an RKR potential, extended with ab initio calculations to describe the potential at large internuclear separations, and the Hill and van Vleck approximation was applied 41 to compute the transition probabilities. In all ab initio calculations and experimental fits mentioned here, the lambda-type doubling was neglected. Spin-orbit coupling effects were based on spectroscopic data and taken independent of the OH distance, except in the calculation by Goldman et al. 29 
II. THEORY

A. Hamiltonian and basis functions
The nuclear Hamiltonian for the OH molecule in the X 2 ⌸ state can be written as
where the first term is the radial part of the nuclear kinetic energy operator with r as the internuclear distance, is the reduced mass, and T rot is the rotational Hamiltonian for OH in the X 2 ⌸ state,
where J is the total angular momentum operator apart from nuclear spin, L z is the body-fixed z component of the electronic orbital angular momentum operator L, and S is the electronic spin operator. The full rotation Hamiltonian ͓given by ͑J − L − S͒ 2 ͔ also contains terms that couple the X 2 ⌸ state with ⌬ and ⌺ states. These contributions are treated by the effective lambda-type doubling Hamiltonian H ⌳ , in the unique perturber approximation. 42, 43 The third term in Eq. ͑1͒ is the electronic potential energy surface in the clampednuclei approximation, and H so ͑r͒ is the r-dependent spinorbit coupling operator. We represent the Hamiltonian in a Hund's case ͑a͒ basis with basis functions
Here, J is the total angular momentum quantum number, M J is the projection of J on the laboratory-frame Z axis, ⍀ = ±1/2, ±3/2 is the total electronic angular momentum projection on the molecular axis, and = ± 1 is the eigenvalue of the parity operator. We also introduce here the spectroscopic parity p = ͑−1͒ J−S , and we label wave functions with parity e or f for p =1 or p = −1, respectively. Furthermore, ͱ ͑2J +1͒ /4D M J ⍀ ͑J͒* ͑␣ , ␤ ,0͒ is a two-angle normalized Wigner D function, and ͉ 2 ⌸ ⍀ ͘ denotes the electronic basis functions. Spin-orbit coupling lifts the degeneracy of states with different ͉⍀͉. The transition probabilities depend on spinorbit coupling because it affects the rovibronic energy level structure of the molecule and alters the shape of the nuclear vibrational wave functions. Spin-orbit coupling can be taken into account, either by computing the electronic expectation values of the r-dependent spin-orbit coupling operator Ĥ so ͑r͒ or by using a parametrized Hamiltonian matrix in the Hund's case ͑a͒ basis, of which the matrix elements H ͉⍀͉,͉⍀ Ј ͉ so are given by 42
where z = ͑J +1/2͒ 2 − 1 and the A n are spectroscopic constants, given in Table I . The spectroscopic spin-orbit Hamiltonian of Eqs. ͑5͒-͑7͒ reproduces the energy level structure, but does not affect the shape of nuclear wave functions, since terms dependent on r are averaged out. Thus, the Frank- Condon overlap between different nuclear states is affected when Eqs. ͑5͒-͑7͒ are used instead of the r-dependent spinorbit coupling. The calculation of the r-dependent spin-orbit coupling is described in Sec. II B. The lambda-type doubling Hamiltonian lifts the degeneracy of states with different parities, and it is parametrized by spectroscopic constants. Its matrix elements H ͉⍀͉,͉⍀ Ј ͉ ⌳ are given by 42
where p v and q v are lambda-type doubling constants, B v rotational constants and x = J͑J +1͒. When two signs are given, the upper sign refers to e states and the lower sign to f states. We note that the last term in Eq. ͑10͒ is often labeled o v .
B. Electronic structure and nuclear wave functions
The calculation of the electronic Born-Oppenheimer potential with the MOLPRO ͑Ref. 44͒ program package was described earlier by us. 45 Briefly, the electronic wave functions are obtained from an internally contracted multireference configuration interaction calculation with single and double excitations ͑MRSDCI͒. 46, 47 The orbitals were obtained from a complete active space self-consistent field 48, 49 ͑CASSCF͒ calculation with an extended active space consisting of five , two x , and two y orbitals, obtained from a large ͑augcc-pV6Z͒ one-electron basis set of Dunning. 50 Although our potential energy surface already gives accurate vibrational transition frequencies with deviations from experiment on the order of 0.1%, we decided to further increase the accuracy by replacing the potential with a scaled potential V sc ͑r͒ given by
Here, c 1 , c 2 , and c 3 are nonlinear scaling parameters, fitted to minimize the difference between the experimental and calculated vibrational levels G v . Since the vibrational levels are not sensitive to the position of the minimum of the potential r e , we introduce a shift c 0 so that r e matches the experimentally determined value 51 of 1.8342a 0 . This method ensures that high quality nuclear wave functions are obtained for all rotational levels.
We compute the dipole moment as the expectation value of the electric dipole operator for the MRSDCI wave functions. The r-dependent spin-orbit coupling is obtained as the expectation value of the Breit-Pauli spin-orbit Hamiltonian, using wave functions obtained from MRSDCI calculations. The orbitals were obtained from a CASSCF calculation, using the aug-cc-pVQZ one-electron basis set and an active space formed by one x , one y , and six orbitals. The potential energy curve, spin-orbit coupling, and electric dipole moment function are computed at 30 points ranging from 1a 0 to 16a 0 , and are made available via the EPAPS ͑Ref. 52͒ system.
The potential energy curve and electronic properties are interpolated using the reproducing kernel Hilbert space method 53 on an equidistant grid of 751 points between 1a 0 and 16a 0 . The nuclear wave functions are obtained with the sinc-function discrete variable representation ͑sinc-DVR͒ method 54, 55 employing this grid. The lambda-type doubling Hamiltonian is parametrized separately for every vibrational, rotational, and parity level, so we compute a new Hamiltonian matrix for every rovibrational and parity level. Furthermore, since the rotational and lambda-type doubling part of the Hamiltonian couple states of different ⍀, the dimension of each Hamiltonian matrix doubles to 1502. After each diagonalization, 34 ͑17 for each ⍀͒ or less bound state eigenfunctions are obtained. Only two of the eigenfunctions correspond to the rovibronic level for which the Hamiltonian was set up. These can be written as
where the r −1 f vF n p ͉⍀͉ ͑r͒are the vibrational wave functions. The functions ͉ vF n p JM J ͘ are linear combinations of states with ͉⍀ ͉ =3/2 and ͉⍀ ͉ =1/2, such that, especially for higher rotational levels, ⍀ is not a good quantum number anymore. However, in the low-J limit, ⍀ is an approximately good quantum number, and a wave function is labeled with F 1 when it corresponds to ͉⍀ ͉ =3/2 and with F 2 when it corresponds with ͉⍀ ͉ =1/2.
C. Line intensities and Einstein A coefficients
The line intensity S ul ͑T͒ in cm 2 / ͑s molecule͒ for a photoabsorption transition ͉u͘ ← ͉l͘ from a lower state ͉l͘ to an upper state ͉u͘ is given by 21
Here, the exponentials are Boltzmann factors for lower and upper states at temperature T, Q͑T͒ is the molecular partition function, g l is the degeneracy of the lower state, and I a = 0.997 473 is the 16 OH isotope abundance. The transitions are labeled with u and l, which denote the set of quantum numbers in upper and lower states that are resolved in experiment or calculation. Here, we have u = ͕v , J , F n , p͖ and l = ͕vЈ , JЈ , F n Ј , pЈ͖. The integrated line photoabsorption cross section ͑ 0 ͒ ͑cm 2 /s͒ at the angular transition frequency 0 ͑s −1 ͒ is given by
where we average over lower, and sum over upper degenerate states. Furthermore, ␣ is the fine-structure constant, e the 
where the reduced matrix element reads
͑16͒
The Einstein A coefficient in s −1 for the spontaneous emission process ͉u͘ → ͉l͘ is connected to the line intensity by
where c is the speed of light, and it follows that A ul is given by
The radiative lifetime u ͑in seconds͒ of an upper state ͉u͘ reads
where the sum is over al states ͉l͘ with E l Ͻ E u . Finally, we note that line strengths S are often given in cm 2 / ͑cm molecule͒ , instead of cm 2 / ͑s molecule͒. In that case 0 in Eqs. ͑13͒-͑18͒ must be replaced by the wave number 0 given by 0 = 0 / ͑100ϫ 2c͒.
III. RESULTS
A. Potential energy curve
In Table II , the computed and experimental vibrational band origins G v are shown. The coefficients we found for the scaling procedure ͓see Eq. ͑11͔͒ are shown in Table III . Even though the scaling has a small effect on the shape of the potential ͓the case of no scaling is equivalent to coefficients ͑c 0 , c 1 , c 2 , c 3 ͒ = ͑0,1,0,1͔͒, the reduction in error is large. The relative errors are reduced by at least two orders of magnitude with respect to the fully ab initio potential, yielding relative errors on the order of 10 −5 or less. The difference between experimental and computed vibrational levels is 0.14 cm −1 for v = 1 and less than 0.07 cm −1 for v =2-10. This is about an order of magnitude more accurate than the vibrational levels computed by Langhoff et al. 38 who used the RKR potential of Coxon and Foster, 56 extended with a scaled ab initio potential to describe the potential at large interatomic separations. In total, we found 17 bound vibrational levels, while Langhoff et al. found 16. Our ab initio potential energy curve has an r e value of 1.8334a 0 , which differs only by 8 ϫ 10 −4 a 0 from the experimental value 51 of 1.8342a 0 . After fitting c 1 , c 2 , and c 3 , but keeping c 0 = 0, the potential has a slightly shifted r e value of 1.8314a 0 , yielding a c 0 value of 2.8ϫ 10 −3 a 0 .
B. Dipole moment function
In Fig. 1 , five dipole moment functions from the literature are compared with ours. The dipole moment functions are in general very similar except in the outer regions where 38 One of the most stringent tests on the quality of the ab initio calculated dipole moment function is comparing vibrationally averaged dipole moments with the very accurate measurements of Peterson et al. 57 The experimentally determined dipole moments are accurate up to 10 −5 ea 0 for v =0 and v = 1 and 10 −4 ea 0 for v = 2. In all references cited here, the comparison of experimental with ab initio computed dipole moments was done after shifting and/or scaling the ab initio dipole moment functions. Here, we compute the vibrationally averaged dipole moments without any scaling of the dipole moment function. For comparison, we also computed this property using some previously published dipole moment functions. The results are shown in Table IV . It can be seen that our dipole moment function yields values in very close agreement with the experimental results, with differences between experiment and ab initio results of about 0.0020ea 0 for the v = 0 and v = 1 levels and 0.034ea 0 for v =3.
C. Lifetimes
In the first and second column of Table V we show the lifetime of the OH͑v =1,J =3/2,F 1 , p͒ states, which are the only states of which the lifetimes have been determined directly by experiment. 11 The lifetimes have been computed using different dipole moment functions and methods and are compared with the two best-known current values: the direct measurement of van de Meerakker et al. 11 and the value which can be extracted from the high-resolution transmission molecular absorption ͑HITRAN͒ 2004 database using Eqs. ͑17͒ and ͑19͒. The HITRAN values we use here are ultimately based on the calculation by Goldman et al. 29 The To investigate the effect of scaling the potential, we also compute the lifetimes using wave functions from our potential without scaling it ͑labeled nosc͒. We also compute the lifetimes using our wave functions and the transition frequencies taken from HITRAN ͑labeled H ͒ to distinguish overlap effects from energy level effects. The difference in lifetime for these two methods is about 0.025 ms. This indicates that rovibrational wave functions are well represented in our calculation. Thus, we expect the error in lifetimes caused by the error in calculated transition frequencies to be on the order of 0.05%.
In Fig. 3 , we show the r-dependent spin-orbit coupling H so ͑r͒. The spin-orbit coupling matrix element rises steeply between 2.8a 0 and about 5.5a 0 . At 7.0a 0 the spin-orbit coupling is within 1 cm −1 of its asymptotic value, −100.74 cm −1 at 16a 0 . The vibrationally averaged spin-orbit splitting is −135.48 cm −1 for v = 0, which is close to the experimental spectroscopic A constant shown in Table I . From v =1 to v = 8 the vibrationally averaged spin-orbit splitting increases from −135.79 to − 137.09 cm −1 . For v =9-10 the splitting decreases again to −136.63 cm −1 for v = 10. This behavior is consistent with the spin-orbit A constants, shown in Table I .
In the third and fourth column of Table V we compare the lifetimes computed using the r-independent spin-orbit Hamiltonian ͓H ͉⍀͉,͉⍀ Ј ͉ so , Eq. ͑7͔͒ with the values obtained using H so ͑r͒. Since the transition frequencies are slightly different when H ͉⍀͉,͉⍀ Ј ͉ so is used instead of H so ͑r͒, we also compare with the H calculation. We conclude that replacing the r-dependent spin-orbit coupling with the parametrized Hamiltonian decreases the computed lifetime of OH͓X 2 ⌸͑v =1,J =3/2͔͒ by about 0.05 ms. Calculations for higher rovibrational levels show that this effect decreases exponentially as the rotational or vibrational level increases. In the v =1, J = 41/ 2 state, the difference in lifetime, computed with H so ͑r͒ versus H ͉⍀͉,͉⍀ Ј ͉ so is 9 ϫ 10 −4 ms, about 0.013% of the lifetime of that state. In the v =9, J =3/2 state this difference is about 0.0019 ms, about 0.036% of the lifetime of that state. The effect that the approximate H ͉⍀͉,͉⍀ Ј ͉ so Hamiltonian yields better results for higher excited states can be explained by the notion that higher excited rovibrational states probe larger internuclear distances, where the spinorbit coupling becomes constant. Also, higher excited vibrational levels have more kinetic energy, so the approximation of a vibrationally averaged spin-orbit coupling becomes better at higher excited rovibrational states.
Using our electric dipole moment and scaled potential energy curve, we computed a total of 24 660 photoabsorption cross sections and Einstein A coefficients, which can be retrieved via the EPAPS ͑Ref. 52͒ system in ASCII format. The file contains the cross sections ul as defined in Eq. ͑14͒, the Einstein A coefficients defined in Eq. ͑19͒, the full set of quantum numbers ͕v , J , F n , p͖ for upper and lower states, the transition energy, and the energy of the lower state with respect to the dissociation energy D e . We include vibrational levels v =0-10 and rotational levels up to and including J = 121/ 2. The potential energy curve, electric dipole moment function, and spin-orbit coupling function are also included in the EPAPS data.
IV. CONCLUSION
We computed a new, accurate ab initio potential energy curve, electric dipole moment function, and spin-orbit coupling function for OH͑X 2 ⌸͒. Both the calculated permanent vibrationally averaged dipole moments and spin-orbit couplings are computed with unprecedented precision. The ef- fect of the OH bond length dependence of the spin-orbit coupling is investigated, and we conclude that the maximum variation in lifetimes is on the order of 0.1 ms ͑about 0.1%͒. The effect decreases exponentially as the rotational or vibrational quantum number increases. The effect of lambda-type doubling on the mixing of states with different ⍀ quantum numbers is incorporated for the first time. We report a new set of accurate photoabsorption cross sections and Einstein A coefficients, available via the EPAPS ͑Ref. 52͒ system.
